We have calibrated a secondary serum protein standard by use (as primary standards) of samples of albumin and polylysine glycated with [14C]glucose in vitro, the glycation of which was assessed by radioactivity measurements and by elementary analysis for C and N. Using this standard for calibration in our improved fructosamine assay, one obtains an average fructosamine value of 247 tmol/L for nondiabetic individuals (or, in terms of total serum protein, 3.2 mol/ g)-about a tenth the value we obtained when we used the fructosamine assay of Johnson et al. (Clin Chim Acta 1983;1 27:87-95), standardized with desoxymorpholinofructose. In contrast, results corresponded well with the value for mean glycation of serum proteins, 3 nioI/g, determined by a furosine/HPLC method. Evidently the proposed procedure, in which a standard sharing the binding characteristics of endogenous glycated proteins is used together with our modified new fructosamine assay, leads to more realistic values for the concentrations of glycated serum proteins.
Determination of glycated proteins ("fructosamines") in serum is gaining acceptance as a procedure for timeaveraged control of glycemia in diabetic patients (1) (2) (3) . Unlike glycated hemoglobin, the fructosamines reflect the blood-sugar concentration over the preceding 10 to 20 days, thus responding more quickly to changes in therapy.
Severalassays designed to quantify glycated serum proteins have been described. Besides differences in the methodologies, various standardization procedures have been used. Results of studies based on boronate affinity chromatography are expressed as percentages of glycation of albumin and total serum protein. This standardization procedure, although widely used for glycated hemoglobins, may lead to confusion because of major differences in the reference intervals (means ranging from 1.5% to 15%) (4, We report here a procedure in which a secondary serum protein standard is calibrated with well-defined high-molecular-mass compounds-e.g., glycated human serum albumin and glycated polylysine-in a modified fructosamine assay. The specific glycation of this synthetic fructosamine is determined by radioactivity measurements and elementary analysis of C and N. We purified 20-50 p.L of the aqueous solutions of [14C]glucose by using a 3.9 x 300 mm NH2-Bondapak column (Waters,KOnigstein, F.R.G.). The eluent was acetonitrile/water (85/15 by vol). The major fraction was collected, the solvent was evaporated from it, and the residue was redissolved, along with nonlabeled glucose, in phosphate-buffered saline (PBS; per liter, 150 mmol of NaC1, 10 mmol of sodium phosphate, pH 7.4) and assayed without delay.
Materials and Methods

Poly
Purification by pre-ineubation with serum albumin: The original aqueous solutions of [14C]glucose were evaporated, and the residue was redissolved with nonlabeled glucose in PBS buffer and pre-incubated together with human serum albumin (50 g/L) for 2 h. The protein fraction was removed by ultrafiltration (Centricon 10 miniconcentrator; Amicon GmbH, Witten, F.R.G.), and the resulting solution was promptly used for incubations.
['4C]Glucose incubations with human serum albumin: Labeled glucose (final concentration 30 mmol/L, 54 Ci) was incubated at 37 #{176}C with serum albumin (67 g/L) in 12 mL of PBS buffer containing 0.2 g of NaN3 per liter as preservative.
At various times (2-230 h), aliquots were removed from the incubation mixture and dialyzed extensively three times against 20-fold excess of PBS buffer before scintillation counting and measurement of fructosamine.
Synthesis of glycated poly-L-lysine: Poly-L-lysine hydrobromide (500 mg) and D-glucose (1200 mg) were suspended in 50 mL of concentrated acetic acid, then mixed with 50 mL of pyridine, added slowly. The mixture was stirred for nine days at room temperature, then poured into 300 mL of distilled water. products (12, 13) . The composition of the reagent solution was as follows:
These reagent modifications eliminate interferences due to protein matrix effects, lipemia, and (or) uric acid. We used the Hitachi 704/7 17 automated analyzer (Boehringer Mannheim GmbH, Mannheim, F.R.G.), set to record the absorbance increase in the interval 540 to 600 s after the start of the reaction. The absorbance was measured bichromatically at 546 and 700 nm. The incubation temperature was 37#{176}C. The volume fraction of sample in the reaction mixture was 0.054. The standard curve is linear up to 1000 mol/L.
Scintillation measurements:
We diluted 100 L of [14C]-glycated samples in 10 mL of scintillation cocktail (Formula 989; Biotechnology Systems, NEN Research Products, Boston, MA). Radioactivity was quantified by 10-mm scintillation counting (Isocap 300 counter; Zinsser Analytik GmbH, Frankfurt, F.R.G.). The counting rates ranged from about 1000 to 22 000 counts/mm. All scintillation measurements were performed in identical protein matrices. The exact [14CIglucose label of the incubation solution was determined by simultaneously measuring the radioactivity and the glucose concentration (by means of "TC Glucoquant" and quality control "Precipath," both from Boehringer Mannheim) of the original incubation solution. All determinations of fructosamine and radioactivity were corrected for the total protein concentration of each aliquot. The quantification of glycation-fructosamine measurements as well as scintillation counting-were performed at least twice for each incubation series.
Determination of glycation for different lots of glycated polylysine:
The glycation of highly glycated lots of polylysine was determined by elementary analysis with use of automatic combustion (Carlo Erba 106; Carlo Erba Instruments, HotheimiTs., F.R.G.). The theoretical C/N ratio of one lysine unit is 2.57 (measured on polylysine 2.58) and the C/N ratio of one glycated lysine unit is 5.14. Consequently, the percent of glycation can be calculated by use of the following formula:
Master lot calibrator: Precimat Fructosamine (lot VOl) is a lyophilized calibration material, based on a dialyzed and stabilized human-serum matrix free of glucose, especially developed for the new fructosamine assay. It is stable for at least 18 months at 4-8 #{176}C. Lot VOl is our master lot calibrator, and it was used in the following standardization procedures. (Figure 2) . By this procedure, the fructosamine concentration of our master lot calibrator is 387 psnollL.
Results
Standardization
with different degrees of glycation were prepared from [l-14C]glucose. The fructosanune signal (mA/mm) was plotted vs the glucose incorporation of polylysines as determined by scintillation measurements
Discussion
Glycated albumin is the most prominent proportion of the glycated serum proteins, values of 60-90% having been reported (2, 9, 14, 15) . The principal sites of glycation in albumin are the e-amino groups of lysine, especially (in the order of prevalence) Lys 525, Lys 439, Lys 281, and Lys 199 (16, 17) . In vitro glycation of albumin with labeled glucose results in synthetic fructosamine groups that have the same molecular structure and that are within a similar protein matrix as endogenous fructosamines. Thus such a standard would be preferable for use (primarily or secondarily) in the calibration of fructosamine assays. The degree of glycation was related to the incubation interval. The linear time-dependent correlation between incubation time and E'4C]glucose incorporation indicated the absence of any saturation effects under our incubation conditions. As would be expected on the basis of the work of Tr#{252}eb et al. (11), incorporation of 14C was greater when we did not use highly purified labeled glucose (data not shown).
A further, independent approach to standardizing the fructosamine assay was developed by use of glycated polylysine. Glycatedpolylysine is an Amadori reaction product that is easily prepared by in vitroglycation of commercially availablepolylysine. The amount of glucose incorporated can be determined by C/N elementary analysis or, alternatively, by scintillation counting. There is a linear relationship (r = 0.999) between glycation of polylysine and the fructosamine signal (Figure 2) , indicating that the reactivity of Amadori products in glycated polylysine is independent of the glycation of adjacent lysine groups-a prerequisite for using glycated polylysine as a standard. Glycation of polylysine seems to compare well structurally with the situation in albumin: in both cases, glycation is enhanced by local acid-base catalysis, owing to the accessibility of positively charged amino acid residues (17) .
The three calibration methods reported here for standardization of the fructosamine assay gave similar results. Because of its convenience we preferred the procedure with glycated polylysine and determination of its fructosamine content by elementary analysis for C and N. To ensure adequate precision of the results, we preferred to use polylysines with higher degrees of glycation (at least 20%). By this procedure we could reproduce the fructosamine values with four different lots of glycated polylysine and over all 11 independent measurement series within ±4% ( Table 1) .
The reference interval 205-285 /Lmol/L (or 2.9-3.9 imolJ g when related to serum total protein) obtained by the improved fructosamine assay and the primary standardization procedure suggested above (18) corresponds well with the mean glycation of 3 mol/g determined by one of us, with e-aminofructoselysine as standard, by the furosine/ HPLC method (3) . Although this (4) method is specific for determination of protein-bound lysine side-chain glycation, lysine glycation should represent the overwhelming part of total serum protein glycation (16, 17) . For the same reference population a range of 2.2 to 2.8 mmol/L (29-39 p.mollg) was obtained by using the reagent and standardization procedure via DMF according to Johnson et al. (7) and Baker et al. (19) , confirming quite well the published reference interval for this assay. DMF, a synthetic Amadori-reaction product, has a chemical structure that differs substantially from that of physiological serum fructosamines. The lower molar reactivity of DMF in fructosamine assays is well documented (2, 8). As a consequence, fructosamine concentrations obtained with DMF calibration are too high. Furthermore, primary standardization with DMF is complicated by the strong influence of minor variations in test conditions (e.g., concentration of nitroblue tetrazolium, pH), as described by Phillipou et al. (20) and the inadequate stability of DMF solutions.
The good agreement between the two independent methods for the determination of fructosamine, based respectively on labeled albumin and glycated polylysine, and the good correspondence between the normal values obtained by these procedures and the furosine/HPLC method, demonstrate their validity as a rational approach to standardization of fructosamine assays.
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